Secondary extinction effects in x-ray holography with internal atomic reference are examined in the frame of multiple-scattering power transfer equations for a mosaic crystal. The calculations are compared with experimental holograms of an imperfect Cu 3 Au single crystal measured using x-ray fluorescence and total electron yields. It is shown that extinction effects in imperfect crystals can influence reconstructed real-space images in x-ray atom-resolving holography.
I. INTRODUCTION
Internal x-ray source holography 1 was suggested to solve the crystallographic phase problem. It uses atomic sources, emitting spherical x-ray waves, and employs a holographic formalism to analyze the pattern of the interference between the directly emitted internal reference wave and the waves scattered on neighboring atoms. Since these waves are added coherently, the measured intensity contains information about the relative phase of the object waves and thus a inversion of the hologram to the real space is feasible. 2 This type of holography was performed for the first time with electrons 3 and subsequently with x rays, 4 ␥ rays, 5 and neutrons. 6 It is also performed in the time-reversed version, 7 in which the interference of an external plane wave and scattered waves is monitored by absorption of particular atoms serving as internal detectors. The signal for probing the local x-ray field intensity is provided by secondary yield and it is usually registered with an external detector. For a survey of x-ray holography, cf. review articles. 8, 9 The present paper discusses the time-reversed x-ray holography, but all of its conclusions may be extended to the direct version of x-ray holography and to ␥-ray and neutron holography.
Until now, all x-ray holographic experiments were performed for single crystals. Simultaneously, in the present theories the holograms were usually calculated by summing the contributions from scatterers in small clusters ͑typically with radius 50Å, containing maximal 10 5 atoms͒ around the atoms of interest. The cluster approach 10, 11 originates from photoelectron holography in which all atomic sources are located near surface and the high absorption reduces the contributions from further scatterers. However, for x rays the presence of the scattering and absorbing medium outside such clusters can influence the holographic pattern. Because of the weak absorption of x rays, the predominant features of x-ray holograms recorded for both imperfect 8, 9 and perfect 12, 13 crystals are sharp lines resulting from long-range order. These lines are centered on reciprocal vectors and lie on the so-called Kossel cones corresponding to the Bragg condition. 14 In experiments, the shape of these sharp features often differs from that predicted by the kinematical theory, 15, 16 and any angular dependent features that are not described by the kinematical model can cause a distortion of the real-space reconstruction of the holograms performed with existing algorithms. This deviation from the antisymmetrical shape was often attributed to the self-interference of the object waves but, as it will be shown, it is a oversimplified picture. Close to the Bragg angle, the kinematical theory is not valid. Extinction effects of the primary beam, caused by Bragg scattering, can be severe. 17 Unlike in x-ray diffraction, where the extinction effects decrease the measured intensity, the extinction effects in x-ray holography can have a more complex influence on the secondary yield. The secondary yield is excited by both the primary and scattered beams and, as it will be shown, can be decreased or increased at particular depth of the sample depending on the interaction between the incident and the scattered beams.
In a holographic experiments performed for imperfect crystals, the coherent interaction between beams ͑which is exploited in x-ray standing wave method 18 -21 ͒ is averaged, depending on crystal quality and/or experimental conditions. Therefore, the extinction theory of mosaic crystals ͑second-ary extinction͒ 17, 22 is suitable for application in x-ray holography. The secondary extinction model, adopted in the present work for x-ray holography, uses the following scheme. Inside a single mosaic block the holographic picture can be used. The local reference wave ͑characteristic of a single mosaic block͒ interferes with object waves which are scattered inside the same crystallite, and this interference field is probed by an atomic detector. However, near the Bragg condition, the radiation is rescattered into other blocks. This radiation is then incoherently coupled with the incident beam in other mosaic blocks and can increase the secondary yield coming from a particular depth. Simultaneously, the incident beam is attenuated by both absorption and extinction. The extinction effects will thus strongly depend on the escape depth of the secondary signal. Figure 1 illustrates the extinction effects in in x-ray holography in the mosaic crystal model. The paper is organized as follows. In Sec. II the absorption and extinction cross sections for a small spherical crystallite ͑single mosaic block͒ are calculated in the kinematical approximation. These cross sections are subsequently used as coupling constants of power transfer equation used for calculation of the secondary electron yield from a mosaic crystal. Section III compares the calculation with an experiment performed for an imperfect Cu 3 Au crystal. Section IV qualitatively discusses the influence of extinction effects on reconstructed real-space images.
II. THEORY
The calculation is performed under the following assumptions.
͑i͒ The sample consists of spherical mosaic blocks, in which the absorption and scattering are small, i.e., RӶ1 and RӶ1, where Rӷa is the average size of a mosaic block and a is the lattice constant. This means that the intensity of the radiation does not change significantly over the length comparable to R. For this reason, all the calculations correspond to the so-called secondary extinction approximation. If this condition is not fulfilled, so-called primary extinction may dominate. 23 ͑ii͒ Inside a single mosaic block, the holographic modulation of the absorption cross section and the extinction cross section are calculated by coherent summation over all atoms inside the block.
͑iii͒ Near the Bragg condition, radiation can be multiple scattered between blocks, and this changes the intensity of the total field inside the sample. The transfer of power between blocks is incoherent. The phase relation between the waves diffracted by two adjacent blocks is supposed to be random and this results in an incoherent process. The transfer between blocks is calculated using two-beam approximation.
A. Absorption, extinction, and secondary yield of a single mosaic block
Consider a plane wave with a wavelength of the order of 0.1 nm, which irradiates a spherical crystallite with relatively small diameter R. The incident radiation is attenuated via absorption and scattering. For simplicity, it is assumed that only coherent scattering and photoelectric absorption contribute to the attenuation. Therefore, the total cross section for any attenuation process per unit volume of the crystallite may be written as
where (k ជ ) is the extinction or the coherent scattering cross section per unit volume and (k ជ ) is the photoelectric absorption cross section per unit volume. k ជ is the wave vector of the incident plane wave.
B. Extinction
The extinction cross section per unit volume of this spherical block can be calculated by an integral over the direction of the scattered beam k s ជ :
͑2͒
Generally, this calculation is not straightforward. For point scatterers and arbitrarily shaped objects, it can be calculated by a real-space summation. 24 Since the real-space summation is extremely nonconvergent, 25 such a calculation is limited to small ͑5-10 nm͒ clusters and cannot represent the approximate solution for bigger clusters.
For a crystalline spherical object containing nonpoint scatterers, the scattering cross section can be obtained near the Bragg condition corresponding to a reciprocal vector H ជ :
26,27
is a small angular deviation of the incident beam from the exact Bragg condition measured in the scattering plane ͑the plane containing the incident and the diffracted beam as well as the reciprocal vector H ជ ).
Equation ͑3͒ is a smoothed Lorentz version of the exact expression calculated for a sharp edged sphere, 27 and
The parameter ϭ(H ជ ) is introduced here as the effective coherent size of the crystallite. Generally, it can also qualitatively describe the properties of the incident beam ͑energy spread and divergence͒. However, in this work it is assumed that ϭ3R/4, where R is the radius of the crystallite. The Bragg angle corresponding to H ជ is denoted as H . F H is the structure factor:
Illustration of extinction effects in x-ray holography for a mosaic crystal. Inside a single mosaic block, a holographic picture of the interference between the reference R and object waves O can be used. However, the incident field I 0 at a given depth that gives rise to the local reference wave is already attenuated in blocks at lesser depth. Near the Bragg condition the radiation is additionally rescattered (I s ), and it is incoherently coupled with the incident beam in other mosaic blocks. For details see text.
and f i is the angular dependent atomic scattering factor of the ith atom in the unit cell composed of N atoms. f i contains the Debye-Waller and the polarization factor. For simplicity, the polarization factor is calculated for an unpolarized incident beam. V is the volume of the unit cell.
The full two-dimensional directional dependence of is calculated as a sum over reciprocal points:
Contrary to the extinction cross section for an intermediate size crystallite, which has to be evaluated only near Bragg conditions and otherwise is close to zero, the absorption cross section must be calculated over a full hemisphere. The average absorption cross section per unit volume may be divided into a constant part 0 , resulting from pure absorption, and an angular dependent part containing holographic oscillations:
where
j abs is the absorption cross section of the jth atom in the unit cell calculated for an isolated atom. The absorption cross section of an isolated atom j abs is calculated from tabulated values of the imaginary part of the atomic scattering amplitude f j
is the hologram seen by the jth atom in the central unit cell of the sphere. Since the crystallite has finite dimensions, all atoms, apart from the atoms related by symmetry, are nonequivalent. Therefore, the summation in Eq. ͑9͒ should be performed over all atoms in the crystallite and ought not to be restricted to atoms belonging to a single unit cell. However, because of the lack of the periodicity, the calculation of the exact expression is not readily performed. Only N holograms characteristic of N atoms in the central unit cell are calculated and they represent an effective hologram characteristic of jth type of atoms. These holograms are calculated using a modified average shape of the crystallite, which to some extent compensates this approximation.
Holographic oscillations j are calculated similarly as in previous works, i.e., as ͑see Refs. 15,16͒
where j is the electron density of the crystallite with the jth atom removed:
and r 0 is the classical electron radius. j is evaluated as a product of a reciprocal series of an infinite lattice ϱ and the shape function S j (r ជ ):
In accordance with previous considerations, the shape function S j is different for each atom in the crystallite. To make the calculation simple, the effective hologram of the jth atom in a unit cell is calculated only for the central unit cell of the sphere by using an effective spherically symmetric shape function S (r ជ ). Using this approximation, the angular dependent part of the absorption cross section may be written as
͑13͒
The factor G H ,
is similar to the structure factor F H , but it contains only the imaginary parts of the atomic scattering amplitudes f j Љ , which also include the Debye-Waller factor. Of course the effective shape function S (r) cannot be chosen ad hoc. The form of the shape function can be derived from the realspace calculations of extinction and absorption for small clusters containing point scatterers. The extinction and absorption patterns calculated for pure imaginary scattering amplitudes and for centrosymmetric systems have, apart from amplitude, the same form. 24, 28 Thus, in order to calculate the absorption pattern which is consistent with the calculation of extinction, S (r) has to equal as follows:
This form of S (r) qualitatively takes into account the finite dimension of the spherical crystallite. It mimics the autocorrelation function of the sphere with radius R: s(r) ϭ(RϪr/2) 2 (2Rϩr/2)/(2R 3 ).
For this form of S (r) the angular dependent part of the absorption cross section becomes
and Ł͑x ͒ϭ xϪi⌫
The auxiliary variables introduced in Eq. ͑16͒ are
, apart from G H , is similar to the expression in other works. 15, 16 It is noteworthy that by a suitable approximation one can show that s has very similar sin 2 B -like dependence on the angular deviation from the Bragg condition to the expression for extinction. Figure 2 shows the directional dependence of absorption s and extinction cross sections plotted in the function of the angular deviation ⌬ H from the Bragg angle in the scattering plane calculated from Eqs. ͑3͒ and ͑16͒, respectively.
All curves have the same widths. The ratio of theirs amplitudes is only determined by F H and G H . The real part of the absorption cross section has an almost antisymmetric shape, whereas the imaginary parts of the absorption cross section and the extinction cross section have an almost symmetrical shape.
D. Secondary yield
For the calculation of secondary yield from the absorbing crystalline, it is worth introducing
i.e., the absorption cross section per unit volume of the atoms emitting secondary yield. It is calculated in the same manner as with G H replaced by
In Eq. ͑21͒, the summation is over M atoms in the unit cell giving rise to secondary yield, and hereafter referred to as detecting atoms.
E. Mosaic spread
In the subsequent section, , det , and are calculated to represent the average cross sections per unit volume in a mosaic crystal. It is assumed that the angular distribution of mosaic blocks is independent of the position in the sample. The coefficients , , and det are than replaced by the convolutions
where W is the mosaic spread function.
In the calculation it is performed by replacing
where ⌬W is the full width at the half maximum ͑FWHM͒ of the mosaic distribution. This approximately corresponds to a convolution with a Lorentzian mosaic distribution.
F. Secondary yield calculated for a mosaic crystal
If the direction of the incident beam is close to the Bragg condition, a revised formalism is needed to calculate the hologram. Such a suitable and self-consisted formalism based on the Darwin multiple-scattering equation 22, 29 was recently described by Sears 30 and it is used in this section to calculate the secondary yield.
The calculation of the directional dependence of the secondary yield is performed for a crystalline sample in the form of a slab with infinite lateral extent and with the entrance surface at zϭ0 and the exit surface at zϭd. For such a system the total number of photons inside the sample at depth z, i.e., I(z) ͓in the text of the paper, I(z) represents the total power in the beam in photon/s or the neutron current in neutron/s͔ depends only on the depth inside a sample.
For 0ϽzϽd, the equations describing the power transfer between the primary beam I 0 (z)ϭI 0 (z,k ជ ) and the scattered beam I s (z)ϭI s (z,k ជ ) are
where ͓ϩ͔ is for the Laue forward-scattering geometry ͑scattered beam leaves through exit surface͒ and ͓Ϫ͔ for the Bragg backscattering geometry ͑scattered beam leaves through entrance surface͒. For the Laue forward-scattering geometry, the boundary conditions are
and for the Bragg back-scattering geometry
can be solved analytically and the closed form of the solution can be obtained. 30 The secondary yield Y ͑particle/s͒ of atoms of interest can be calculated from
are the absorption per unit depth of the primary and scattered beams, respectively. P(z) is the probability that the secondary particle emitted at depth z reaches the detector. For simplicity, it is assumed that
where 1/ sec is the escape depth of the secondary radiation. If det ϭ, the secondary yield can also be calculated from the total power loss at depth z:
where Ϯ corresponds to the Laue and the Bragg geometry, respectively. For P(z)ϭ1, the detected secondary yield Y is equal to the total absorption A of the sample.
From Eqs. ͑24͒-͑28͒, it follows that
RϩTϩAϭ1, ͑32͒
where TϭI 0 (d) is the transitivity of the sample and R is the reflectivity of the sample; for the Laue geometry R ϭI H (d), while for the Bragg geometry RϭI H (0). Equation ͑32͒ gives the conservation of energy ͑particles͒ in the system. In addition Eq. ͑32͒ is used as a reference check for calculations.
III. COMPARISON WITH EXPERIMENT
In order to examine the extinction effects, x-ray holograms were recorded for an imperfect Cu 3 Au single crystal using secondary yield signals having significantly different escape depths: x-ray fluorescence yield ͑XFY͒ and total electron yield ͑TEY͒. The sample used in the experiment was a polished Cu 3 Au crystal in the ordered phase with the surface parallel to (001) direction. The mosaicity of the sample was ϳ0.2°. Holographic experiments had been already performed on such samples. 15, 31 The measurements were carried out with synchrotron radiation at HASYLAB on beamline CEMO using a Ge ͑111͒ double-crystal monochromator at energy 10 keV. The Cu K␣,␤ x-ray fluorescence was measured using a unbiased PN photodiode ͑active area diameter 20 mm͒ similar as in Ref. 32 . The average measured current was ϳ0.1ϫ10 Ϫ10 A. The diode was tilted with respect to the sample surface normal by 40°and placed 80 mm from the sample. For this observation angle the effective escape depth of the x-ray Cu K fluorescence is ϳ5 m. In addition, 25 m Ni and Zn absorber foils were placed in front of the diode in order to suppress the elastically scattered radiation. To monitor for a possible contamination of the signal by Bragg-reflected primary beam, the whole pattern was simultaneously measured with a silicon drift detector. The total electron yield was collected by placing the sample in a He filled chamber and biasing it to Ϫ90 V. The average measured current was ϳ0.5ϫ10 Ϫ9 A. The value of the escape depth of the electron signal was estimated to be ϳ0.2 m. 33, 34 In order to exclude any signal coming from the reflection of the primary beam into He, parts of the pattern were measured with the sample placed in a vacuum chamber with pϳ5ϫ10 Ϫ7 Torr in a separate experiment. Both XFY and TEY were measured simultaneously as a function of the sample orientation relative to the beam direction. The slow scan was performed by changing the azimuthal angle ⌽ with a step of ⌬⌽ϭ0.5°and in the range (0°,180°). For time limitation, some part of the patterns was measured on a ⌬⌽ϭ1°grid. The polar angle ⌰ was changed continuously and integrated over ⌬⌰ϳ0.1°for ϳ1 s. The maximum polar angle was limited by the entrance window of the chamber to approximately 56°. The measured patterns were normalized using a signal from an ionization chamber. The background was removed separately for each ⌽ scan by a polynomial fit. The missing area for ⌽ ϭ(180°,360°) was obtained using the twofold symmetry of the pattern. No other processing was applied to the patterns. Figures 3͑a͒ and 3͑b͒ show the measured XFY and TEY patterns in the orthographic projection. Figure 3͑c͒ shows the positions of the predominant Kossel-Bragg lines. Some sparse contamination ͑four short white lines͒ from Bragg reflection can be seen for the XFY pattern. Although XFY and TEY holograms have the same symmetry and similar slowly varying features, the profiles of the sharp lines corresponding to the Bragg conditions are completely different. These differences cannot be attributed neither to different atoms serving as internal detectors ͑the XFY comes exclusively from the Cu atoms, while the TEY has also a contribution from Au atoms͒ nor to different mosaic block distribution near the surface of the sample and in the bulk. Almost all differences between TEY and XFY are caused by extinction. According to the kinematical results of Sec. II A, the secondary yield for a centrosymmetrical sample should show a antisymmetrical black-white contrast ͑deficit/excess in the secondary yield͒ across the Kossel cone. Such a behavior can be ob-served for the (200) line, for which extinction does not influence the secondary yield at all, for both XFY and TEY. The (200) line corresponds to a unique symmetrical reflection in the Laue geometry ͑forward-scattered beam goes into the sample͒. In contrast, for the (006) line in the symmetrical Bragg geometry ͑backscattered beam leaves through the entrance surface͒ the extinction effects influence both TEY and XFY. For TEY, this line can be observed as a white line ͑excess in the integrated intensity͒, while for XFY it shows a small deficit in the integrated intensity. In the TEY pattern the (244) and (1 1 3) lines ͑Bragg geometry͒ are strongly enhanced, while the lines corresponding to the Laue geometry, (11 1 ), (1 11) are hardly influenced by extinction. Furthermore, the rapid drop in the intensity corresponding to the Bragg-Laue transition is especially apparent for the (022) line in the TEY signal. The (1 11) line has a decreased intensity, while the otherwise symmetrically equivalent (11 1 ) line has an increased intensity in the XFY pattern. It results from different asymmetry parameters ϭsin /sin s of these reflections.
Figures 4͑a͒ and 4͑b͒ show patterns simulated for XFY an TEY with parameters corresponding to the experiment. The calculation was based on power transfer equations as described in Sec. II F For comparison, Fig. 4͑c͒ shows the hologram calculated without extinction effects for a single mosaic block. All patterns were calculated for Cu reference atoms, an average mosaic block diameter of 0.1 m, and mosaic angular spread 0.2°. The agreement between experimental patterns and calculation is very good for both XFY and TEY. The main differences result from noise, imperfect background subtraction, and approximations used in the calculation. All extinction affected lines corresponding to the Bragg condition are properly described by the theory. Simultaneously, the calculation predicts that, independent of the secondary yield, the lines in the symmetric Laue geometry are not affected by extinction and that for the asymmetric Laue, extinction is important only in XFY pattern.
IV. DISCUSSION. INFLUENCE OF EXTINCTION EFFECTS ON RECONSTRUCTED REAL-SPACE IMAGES
The experiment and calculation show that the secondary yield emitted from an imperfect crystal is strongly influenced by extinction effects. The most important question is if the reconstructed real-space images are also influenced by these effects. Extinction produces sharp symmetric lines lying on the Kossel cones. For simplicity, let us assume that such features, corresponding to a pair of lattice vectors H ជ and ϪH ជ , can be approximated using Dirac ␦ distributions:
where and are the polar and azimuthal angles in the coordinate frame with z axis parallel to H ជ , H ϭ/2Ϫ B and ϪH ϭ/2ϩ B , B being the Bragg angle. The factors c ϩ and c Ϫ are the amplitudes of the lines for H ជ and ϪH ជ , respectively. The spherical integral transform 2 to the real space,
then gives
͑35͒
where and z are cylindrical coordinates in the same coordinate frame and d H is the lattice plane spacing. show that extinction produces artifact images which have periodicity of a particular lattice plane spacing and a phase shift depending on the ratio between c ϩ and c Ϫ and lie on the direction of H ជ . Recently it was shown that such effects cannot be fully removed by Fourier filtering of the holograms. 37 The shape ͑intensities and widths͒ of extinction lines depends on the mosaic spread, the detection geometry, the energy of the incident radiation, and the absorption and the scattering cross sections, and has to be calculated from power-transfer equation ͓Eq. ͑24͔͒ for a given crystal and an experimental geometry. However, for an arbitrary crystal and an arbitrary experimental geometry, one can estimate the am- ␥ is the angular width of the observed lines, which is determined by the mosaicity ͑mean radius and angular spread of mosaic blocks͒, incident radiation energy, and the finite angular resolution. Replacing ␦() by L() in Eq. ͑33͒ and inserting it into Eq. ͑34͒ one can show that the extinctioninduced features at distance z ͑for ϭ0) have maximum amplitude U e (z)Ϸ(2k) 2 A␥ cos( B )exp(Ϫkz␥). The measurable intensity A of the extinction lines ͑maximum value normalized to the constant background͒ is connected with c Ϯ of Eq. ͑33͒ by Aϭc/(␥), where for simplicity it is assumed that cϭc ϩ ϭc Ϫ . For comparison, a single point scatterer, located at distance z from the detector atom, produces a hologram ()ϭ2 fcos(kzϪkz cos )/z, where is measured relative to the line joining both atoms, and f ϭ(4) Ϫ1 ͐ f ()d⍀ is an effective real-valued scattering amplitude. The reconstruction of this hologram to the real space, using Eq. ͑34͒, produces two peaks in the real space ͑the real and the twin image͒ which have the amplitude
2 f/z. For example, taking some realistic values, fϭ15r 0 , Eϭ10 keV, zϭa 0 ϭ3.96 Å, ␥ϭ0.1°, Aϭ0.02 ͑similar as in holograms measured for Cu 3 Au), and (220) reflection in a cubic lattice one gets U 1 /U e Ϸ1. Therefore, extinction, in addition to the twin images 11 and limited k-space range, can lead to artifacts in the real-space reconstruction performed for imperfect crystals. Since the spurious images can occupy the correct atomic positions, they could lead to a false conclusions about the quality of the real-space reconstructions in previous experiments.
It is likely that the extinction-induced artefacts can be suppressed by multiple energy algorithms. 38, 39 In such algorithms, reconstructions corresponding to different energies ͑wave-vector values͒ are multiplied by a phase factor and coherently added, which can be approximately written as
where U M is the new real-space image. Since the phase of the reconstructed real image of jth atom behaves like e Ϫikr j , such images are enhanced by this multienergy algorithm. Twin images ͑having phase e ikr j ) and spurious images with different phase dependence are strongly suppressed. 11, 38 From Eq. ͑35͒ it follows that the extinction induced artifacts have different phase behavior than the exponent from Eq. ͑36͒, and this indicates that they could be removed in the same way as twin images. However, this possibility has to be verified in numerical stimulations.
The recently proposed single-energy algorithms, 16, 40, 41 will be also influenced by extinction. Furthermore, it must be checked if diverse algorithms 13, 42, 43 for twin-image removal are feasible to suppress the extinction effects. It is noteworthy that similar problems arise even for powder samples in the photon interference x-ray absorption fine structure ͑XAFS͒ method, 44 -46 which is an angle-integrated version of holography, and in recently proposed x-ray-absorption holography 47 and angular integrated x-ray elastic-scattering methods. 24 The reader is referred to a discussion concerning these papers. 48, 49 
V. CONCLUSIONS
It was shown that extinction effects in large imperfect crystals having an approximate mosaic structure can influence both x-ray holograms and real-space reconstruction. Contrary to the x-ray standing wave ͑XSW͒ method where extinction is important only for XFY detection ͑i.e., when probing depth of the secondary radiation is grater than socalled extinction length͒, extinction effects in an holographic experiment performed on an imperfect sample are also important for TEY i.e. for short probing depths. The role of extinction effects requires more extensive studies. In particular similar effects should be examined in the direct version of x-ray holography and for ␥-ray and neutron holography. These effects may be reduced by an optimization of experimental strategy. For example, use of high energy or broadband illumination 50, 51 will strongly reduce the extinction effects. In these cases almost all the scattering take place close to symmetrical Laue geometry and thus it will be hardly affected by extinction. Another possibility is to use thin or small samples or samples with very small average diameter of mosaic blocks.
The simple theory, which is based on power-transfer equation, was verified by a comparison with experiment and can be used for more quantitative description of the extinction effects in the reconstructed real-space images for crystals having an approximate mosaic structure. Based on the presented theory the existing reconstruction algorithm can be modified in order to take into account the extinction effects. However, for other sorts of imperfect crystals ͑bent, strained crystal͒ more adequate theories 20 should be used for quantitative analysis of the extinction effects.
